elastase (NE) and PR3 during biosynthesis, storage, and extracellular release, unique properties and pathobiological functions have emerged from detailed studies in recent years. The development of highly sensitive substrates and inhibitors of human PR3 and the creation of PR3-selective single knockout mice led to the identification of nonredundant roles of PR3 in cell death induction via procaspase-3 activation in cell cultures and in mouse models. According to a study in knockout mice, PR3 shortens the lifespan of infiltrating neutrophils in tissues and accelerates the clearance of aged neutrophils in mice. Membrane exposure of active human PR3 on apoptotic neutrophils reprograms the response of macrophages to phagocytosed neutrophils, triggers secretion of proinflammatory cytokines, and undermines immune silencing and tissue regeneration. PR3-induced disruption of the anti-inflammatory effect of efferocytosis may be relevant for not only granulomatosis with polyangiitis but also for other autoimmune diseases with high neutrophil turnover. Inhibition of membrane-bound PR3 by endogenous inhibitors such as the a-1-protease inhibitor is comparatively weaker than that of NE, suggesting that the adverse effects of unopposed PR3 activity resurface earlier than those of NE in individuals with a-1-protease inhibitor deficiency. Effective coverage of PR3 by antiinflammatory tools and simultaneous inhibition of both PR3 and NE should be most promising in the future.
I. Introduction
Neutrophils, together with residential tissue macrophages, constitute the first very fast-reacting line of defense against pathogens. Neutrophils in particular produce and secrete large amounts of proteases, which contribute to the innate as well as the adaptive arms of host defense (Borregaard, 2010; Nauseef and Borregaard, 2014) . Proteinase 3 (PR3), identified in 1978 and first called "myeloblastin," is an abundant serine protease of neutrophil granules (Baggiolini et al., 1978) (Table 1) . Its mRNA is transcribed during the promyelocytic and promonocytic stages of myeloid differentiation (Bories et al., 1989; Zimmer et al., 1992; Monczak et al., 1997) . It is stored mainly with other cathepsin (Cat) C-activated neutrophil serine proteases (NSPs) human neutrophil elastase (HNE), CatG, and NSP4 in the primary granules of circulating neutrophils. Exposure of neutrophils to cytokines and other chemoattractants leads to rapid granule translocation to the cell surface, with secretion of PR3 and other NSPs into the extracellular medium (Owen and Campbell, 1999) . Purified quiescent human neutrophils from the peripheral blood of healthy individuals express a variable amount of PR3 on their surface (called constitutive PR3) (Csernok et al., 1990; Halbwachs-Mecarelli et al., 1995) . Upon neutrophil activation, an additional amount of PR3 is exposed on the neutrophil cell surface (called induced PR3) (Korkmaz et al., 2009 ). PR3 exhibits structural and physicochemical properties similar to HNE (Hajjar et al., 2010) .
The traditional view of PR3 and other NSPs being destructive scissors for degrading and eliminating microbes and tissues (Janoff and Scherer, 1968; Baggiolini et al., 1979; Kao et al., 1988) is complemented by new perspectives on their role in regulating cellular processes, innate immune responses, and tissue remodeling (Pham, 2006 (Pham, , 2008 Kessenbrock et al., 2011) . Using genetically modified mice that lack one or a combination of these protease encoding genes, it is possible to analyze the molecular defects and alterations in neutrophil-mediated responses, in cell migration, and in clinical disease models after elimination of these proteases. The four NSPs (PR3, NE, CatG, and NSP4) are locally released together in response to pathogens and many other noninfectious danger signals. Under emergency conditions, they can accelerate immune responses and inflammation by inactivating antiinflammatory mediators or by converting chemokine precursors into more bioactive isoforms.
The activities of NSPs are mainly controlled by the inhibitors belonging to the serpin family, such as a-1-protease inhibitor (a1PI) and a-1-antichymotrypsin, and the chelonianin family, such as elafin and secretory leukocyte protease inhibitor (SLPI) (Zani et al., 2009; Korkmaz et al., 2010; Scott et al., 2011; Wilkinson et al., 2011) . In pathologic conditions, the balance between NSPs and inhibitors is disturbed and PR3 together with the other NSPs contributes to tissue damage, such as in chronic inflammatory lung diseases like chronic obstructive pulmonary disease (COPD), emphysema, and cystic fibrosis (Korkmaz et al., 2008b . NSPs are able to degrade many critical components of the extracellular matrix, including elastin, collagen, fibronectin, and laminins. It is important to note that endogenous inhibitors preferentially inhibit HNE when these neutrophil proteases are secreted by activated neutrophils (Korkmaz et al., 2013a) . PR3 may thus play a more important role in tissue injury and as an accelerator of inflammation. Synergistic involvement of NSPs including PR3 in lung tissue damage was recently demonstrated in mice, with a triple deficiency of NSPs showing better protection against smoke-induced emphysema ABBREVIATIONS: a1PΙ, a-1-protease inhibitor; a2-M, a-2-macroglobulin; ANCA, antineutrophil cytoplasmic autoantibody; C-ANCA, cytoplasmic antineutrophil cytoplasmic autoantibody; Cat, cathepsin; COPD, chronic obstructive pulmonary disease; FRET, fluorescence resonance energy transfer; GPA, granulomatosis with polyangiitis; HEK293, human embryonic kidney 293; HNE, human neutrophil elastase; L-658,758, 1-[[3-(acetoxymethyl)-7a-methoxy-8-oxo-5-thia-1-azabicyclo[4.2.01] oct-2-en-2-yl]carbonyl] proline S,S-dioxide; mAb, monoclonal antibody; MNEI, monocyte neutrophil elastase inhibitor; NE, neutrophil elastase; NSP, neutrophil serine protease; benzoyl] aminoacetic acid; PEG, polyethylene glycol; pNA, p-nitroanilide; PR3, proteinase 3; PR3 m , membrane-bound proteinase 3; RCL, reactive center loop; Serpin, serine protease inhibitor; SI, stoichiometry index; SLPI, secretory leukocyte protease inhibitor. 604 than single elastase-deficient knockout mice (Guyot et al., 2014) . Apart from causing tissue injury, PR3 and other NSPs stimulate the release of cytokines and enhance their bioactivities, thereby triggering excessive inflammatory responses (Kessenbrock et al., 2011) .
PR3 stands out against the other three NSPs because it is the primary antigenic target of autoantibodies, such as antineutrophil cytoplasmic autoantibodies (ANCAs) in granulomatosis with polyangiitis (GPA; formerly known as Wegener's granulomatosis) (Jenne et al., 1990) . GPA, a relatively uncommon chronic inflammatory disorder, is characterized by necrotizing granulomatous inflammation and vasculitis of small blood vessels (Jennette et al., 2011; Tadema et al., 2011) . The interaction of pathogenic ANCAs with membranebound proteinase 3 (PR3 m ) results in an excessive activation of neutrophils with production of reactive oxygen species and release of various granule-stored proteases into the pericellular environment (Hu et al., 2009; Kettritz, 2012) . Tumor necrosis factor-a-primed neutrophils are less sensitive to activation by anti-PR3 monoclonal antibodies (mAbs) after they have been incubated with an excess of a1PI, the major endogenous inhibitor of PR3 found in plasma (Guarino et al., unpublished data) . This suggests that the binding of a1PI to neutrophil membranes, and the removal of active PR3 m from the cell surface, decreases mAb binding and proinflammatory signaling (Rooney et al., 2001; Korkmaz et al., 2009; Jégot et al., 2011) . ANCA pathogenicity and neutrophil activation may therefore depend on the (local) levels and inhibitory activity of a1PI. This role of a1PI in GPA is supported by the observation that a1PI deficiency is a genetic risk factor for ANCA-associated vasculitis (Lyons et al., 2012) . As a1PI complexes with HNE at a faster rate, PR3 remains uninhibited for a longer period of time and diffuses further into tissues 
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Recent data demonstrate that ANCA-induced PR3 release triggers specific cellular responses in endothelial cells during vascular inflammation. Secreted PR3 can be recaptured and internalized by endothelial cells, which coincides with the activation of proapoptotic signaling events through extracellular signal-regulated kinase, c-Jun N-terminal kinase, and p38 mitogen-activated protein kinase (Preston et al., 2002) . Upon its entry, PR3 can usurp the cell's control of its own fate by directly interfering with caspase cascades. Crosstalk between neutrophils and endothelial cells at sites of inflammation affects both cytokine networks and cell viability. Jerke et al. (2015) recently identified 82 novel endothelial proteins cleaved by PR3 and other NSPs and generated extended cleavage signatures for NSPs (Table 1) . Most of the identified proteins are cytoskeletal proteins, and inhibition of NSPs activity in vitro preserved the endothelial cytoskeletal structure. Active PR3 as well as other NSPs thus appear to be a therapeutic target for active site-directed selective inhibitors to protect small blood vessels from neutrophil-induced cell death.
A large number of studies have provided significant evidence that PR3 contributes to inflammatory tissue damage at different levels (Box 1) and can be regarded as a promising therapeutic target (Korkmaz et al., , 2013b Jerke et al., 2015) . In this review, we first provide an overview of PR3, its functional biochemistry, and protein/chemical inhibitors. We then focus on anti-PR3 antibodies that can alter PR3 activity and mask ANCA epitopes. Finally, we discuss the potential application of inhibitors and antibody fragments as anti-inflammatory agents to mitigate the pathogenic effects of PR3 in human disease.
II. Structure, Biosynthesis, and Physicochemical
Properties of Proteinase 3 PR3 belongs to the family of chymotrypsin/trypsin-fold serine proteases having evolved from a common ancestor. Serine proteases are proteolytic enzymes that catalyze the hydrolysis of peptide bonds by a serine-directed nucleophilic attack mechanism, which ultimately results in irreversible processing of the target peptides or proteins (Hedstrom, 2002) . The chymotrypsin/trypsinfold proteases use a catalytic triad for proteolytic activity composed of the highly conserved His57, Asp102, and Ser195 residues (chymotrypsinogen numbering), which are located at the junction of the two b-barrels. By contrast, the active site cleft runs perpendicular to this junction. This arrangement of amino acids in the active site presumably allows nucleophilic attack by Ser195 on the carbonyl carbon (C = O) of the substrate scissile bond, thus setting off the catalysis process. Several residues localized on the loops surrounding the active site assist the catalysis. The oxyanion hole defined by the backbone amide hydrogens of Ser195 and Gly193 and located near the carbonyl group of the substrate's scissile bond (Fig. 1) stabilizes the developing partial charge on the tetrahedral intermediate during catalysis (Hedstrom, 2002) .
All chymotrypsin/trypsin-fold proteases are synthetized as inactive zymogen precursors that are irreversibly processed (Jenne and Kuhl, 2006) . Several crystal structures of serine proteases such as trypsin or chymotrypsin have been published alone or in complex with various inhibitors. Several crystal structures for HNE have been deposited in the Protein Brookhaven Database. By contrast, only one crystallographic study for human PR3, which used recombinant PR3 from Chiron Technologies, has been published (Fujinaga et al., 1996) . The scarcity of structural data appears to be directly linked to the difficulties of purifying natural PR3 and producing recombinant soluble PR3, mainly because of its hydrophobic character. Like other members of this family, PR3 consists of two homologous b-barrels and a C-terminal helix (Fujinaga et al., 1996) (Fig. 1) . Each barrel contains six antiparallel b-sheets connected through a linker segment. The PR3 polypeptide chain is stabilized by four disulfide bridges.
Chymotrypsin/trypsin-fold proteases have similar tertiary structures but differ in their substrate specificity, which is governed by their substrate binding pockets. The S1 pocket of these proteases plays a major role in defining the new C terminus of the cleaved fragment and accommodates the side chain of the residue preceding the scissile bond. The S1 pocket is formed by residues 189-195, 214-220, and 225-228.
BOX 1 Pathogenic roles of PR3 1) Secreted PR3
Participates in tissue degradation Promotes inflammation 2) Cytosolic PR3
Enhances apoptosis in neutrophils Induces apoptosis in endothelial cells 3) Membrane-bound PR3
Enhances ANCA-induced proinflammatory response of primed neutrophils Enhances proinflammatory response of apoptotic neutrophils
The three major classes of side chain specificities at the P1 position are determined by the structural features of the S1 pocket and are classified as trypsin like, chymotrypsin like, and elastase like. Trypsin-like proteases display a deep open acidic S1 pocket and accept the side chain of an arginine or a lysine residue. Substrate recognition is mediated by a salt bridge with the highly conserved Asp189 at the bottom of the S1 pocket. Chymotrypsin-like proteases have an open hydrophobic pocket and preferentially accommodate bulky P1 residues. Elastase-like proteases have a shallow hydrophobic S1 pocket formed by the residues at positions 190 and 216 and only cleave after small hydrophobic residues. PR3 displays an elastase-like S1 pocket with a partially occluded S1 pocket and cleaves after small hydrophobic residues (Fig. 2) . The recently discovered fourth NSP, NSP4, with trypsin-like specificity has a fully occluded S1 pocket (Lin et al., 2014) . The gene encoding PR3 (PRTN3) consists of five exons and four introns and is located in the terminal region of the short arm of chromosome 19p13.3 (Sturrock et al., 1992 (Sturrock et al., , 1993 Zimmer et al., 1992) . PR3 mRNA is detected in early progenitor cells of the myeloid and monocytic lineage. It is transcribed only in the promyelocyte stages of myeloid differentiation (Wong et al., 1999) . Upon granulocyte differentiation, transcription of PR3 mRNA is downregulated (Zimmer et al., 1992; Sturrock et al., 1996) . PR3 is expressed as an inactive pre-proprotein containing a signal peptide, an amino-terminal prodipeptide, and a C-terminal propeptide. After the 25 residues of the signal peptide are removed, the nascent polypeptide chain of the PR3 molecule starts with the amino-terminal prodipeptide sequence Ala-Glu, which maintains the pro-PR3 in its zymogen conformation with a disordered active site. The subsequent processing of the N-terminal dipeptide by CatC (a conserved tetrameric cysteine protease, also called dipeptidyl peptidase I; Turk et al., 2001) leads to mature PR3 (Adkison et al., 2002) . This processing allows insertion of the amino terminus into the interior of the molecule, where the free NH 3+ group of the first N-terminal residue Ile16 forms a salt bridge with the Asp194 next to the active site Ser195 (Fig. 1A) . This interaction results in a reorientation and remodeling of three flexible surface loops (the 217-225 loop, the 180 loop, and the so-called autolysis loop) and their respective side chains within the so-called activation domain (Pozzi et al., 2012) . This conformational modification renders the active-site S1 pocket (nomenclature of Schechter and Berger, 1967) of the PR3 accessible to substrates and inhibitors. The removal of the C-terminal propeptide containing eight residues (Arg-Val-Glu-Ala-Lys-Gly-Arg-Pro) does not affect proteolytic activity. In neutrophils, PR3 is identified as a triplet of isoforms of approximately 29-32 kDa, which differ by their carbohydrate structures at Asn102 and Asn147 (Zoega et al., 2012) .
The proteolytically active mature PR3 without N-terminal and C-terminal propeptides is mainly stored in the azurophilic granules of neutrophils (Campanelli et al., 1990 ), but it is also found on the outer membrane and in the lumen of secondary granules and secretory vesicles (Witko-Sarsat et al., 1999) . Variable amounts of PR3 are also constitutively expressed on the cellular surface of quiescent human neutrophils from the peripheral blood of healthy individuals (Csernok et al., 1990; Halbwachs-Mecarelli et al., 1995) . Freshly purified neutrophils can be generally divided into two subsets that express low and high amounts of PR3 (Kettritz, 2008) . NB1 or CD177, a glycosylphosphatidylinositol-anchored membrane protein, has been identified as a potential receptor of PR3 on the neutrophil cell surface (von Vietinghoff et al., 2007; Korkmaz et al., 2008a) . The main characteristics of PR3 are listed in Table 2 .
III. Structural Basis of Specific Proteinase 3 Functions

A. Recombinant Production
The biologic and pathophysiologic functions of PR3 are defined by its conformation and by its structural determinants (Specks, 2000) . High amounts of purified PR3 are required to investigate its functions in vitro. Purification of the native catalytically active PR3 from granulocytes is relatively inefficient, timeconsuming, and technically demanding. During the purification procedure, conformational changes, partial aggregation, and denaturation and adsorption on surfaces reduce the final yield of PR3. Recombinant production of PR3 is an alternative to obtain high amounts of functional proteinase. Moreover, recombinant variants of PR3 offer many advantages over the natural antigen, such as the identification of the structural determinants of the proteins (e.g., epitope mapping).
The cDNA of PR3 has been expressed in prokaryotic and eukaryotic cell systems. Refolding of bacterially produced inclusion bodies was unsuccessful. Correct conformational identity, post-translational modifications, and antigen stability can be achieved by the expression of PR3 in insect or mammalian cells. Expression of recombinant PR3 in insect cells was disappointing because the recombinant PR3 product did not have a well enough preserved conformation to serve as a target antigen for ANCA recognition in diagnostic assays. Moreover, the Sf9 insect cells resulted in aberrant glycosylation of PR3 (Fujinaga et al., 1996; Witko-Sarsat et al., 1996; van der Geld et al., 2000) . Hematopoietic cell lines such as human mast cell line-1 or rat basophilic leukemia-1 cells produce active serine proteinases in storage granules and are more similar to human neutrophils (Specks et al., 1996 Garwicz et al., 1997) . However, the purification of recombinant PR3 from subcellular organelles was laborious and inefficient in a previous study (Jenne et al., 1997) . Alternatively, nonhematopoietic cell lines, such as human embryonic kidney 293 (HEK293) cells and Chinese hamster ovary cells lacking a regulated pathway of protein secretion, can be used for the recombinant expression of PR3 because they constitutively secrete the unprocessed PR3 zymogen into the cell culture supernatant after transfection (Sun et al., 1998; Korkmaz et al., 2008a) . These cells constitutively secrete significant amounts of the N-and C-terminally unprocessed PR3 zymogen into the cellular medium, allowing for both N-and C-terminal customized modifications (Sun et al., 1998; Capizzi et al., 2003) . PR3 with the conformation of the mature enzyme can be expressed in such mammalian expression systems by transfecting cDNA plasmids that code for a PR3 variant lacking the two-amino acid propeptide (Sun et al., 1998) . However, to prevent cell death resulting from premature intracellular activation of the recombinant PR3 after cleavage of the signal peptide, such recombinant PR3 versions also must carry the S195A substitution, which renders the PR3 enzymatically inactive without resulting in a significant change of its conformation (Specks et al., 1996; Sun et al., 1998) . The C-terminal extension of six or seven residues of PR3 is reported to not be important for activity, intracellular sorting, and interactions with substrates/inhibitors or cytoplasmic antineutrophil cytoplasmic antibodies (C-ANCAs) (Capizzi et al., 2003) . Subsequent purification and immobilization of recombinant PR3 is further simplified by the attachment of six histidine residues (a convenient tag) at the C-terminal end (Capizzi et al., 2003) . In contrast with conventional capture techniques with murine mAbs, histidine tag-based immobilization of recombinant PR3 does not mask portions of the PR3 surface and facilitates antigen coating and antibody interactions with the immobilized antigen (Kuhl et al., 2010) .
A different approach is preferable for the generation of enzymatically active recombinant PR3. Nearly pure six-His-tagged PR3 zymogen is obtained from serumfree culture media by nickel-nitrilotriacetic acid chromatography in a single step (Korkmaz et al., 2008b; Kuhl et al., 2010) . After purification, the aminoterminal peptide has to be cleaved precisely to obtain the proper three-dimensional conformation and activity. The in vitro conversion of the Ala-Glu-PR3 zymogen (Fujinaga et al., 1996) . 608 purified from the cell supernatant into catalytically active PR3 by CatC is expensive and relatively inefficient. The most reliable and currently preferred procedure is the PR3 production with a specifically engineered N-terminal extension containing a thrombin or an enterokinase cleavable prosequence (Korkmaz et al., 2008b; Kuhl et al., 2010) . The DDDDK modification permits the removal of the N-terminal prosequence by endoproteolytic processing using bovine, porcine, or recombinant enterokinase. Subsequent in vitro processing removes this N-terminal extension and creates the natural mature PR3 N-terminus starting with Ile16. The extent of conversion is easily checked on SDS-PAGE by observing the reduction in molecular size, whereas complete removal of the natural sorting dipeptide by CatC is difficult to achieve and to control (Jenne and Kuhl, 2006; Kuhl et al., 2010) .
B. Substrate Binding Sites
The crystal structure of uncomplexed recombinant PR3 (1FUJ) produced in insect cells was identified by molecular replacement using the structure of crystallized HNE (Fujinaga et al., 1996) . Several threedimensional structures of HNE complexed with the third domain of turkey ovomucoid (Bode et al., 1986) , domain 2 of SLPI (Koizumi et al., 2008) , and synthetic inhibitors have all been determined (Wei et al., 1988; Navia et al., 1989; Huang et al., 2008; Hansen et al., 2011; Lechtenberg et al., 2015) . PR3 and HNE share a high sequence identity (56%) and display a common fold. However, substitutions in their S1 pockets and in the surface loops defining the environment of the active site (99 loop, 60 loop, 37 loop, and autolysis loop) give them distinct proteolytic cleavage specificities (Fujinaga et al., 1996; Korkmaz et al., 2007) . On the Inhibitors and Antibodies Targeting PR3 basis of their crystal structures, PR3 substrate binding sites are much more polar than those of HNE. Solventaccessible surfaces in PR3 and HNE show that their charge distributions in the vicinity of the substrate binding region differ significantly (Korkmaz et al., 2007) . PR3 displays four charged residues (Arg60, Asp61, Lys99, and Arg143) in the vicinity of the substrate binding cleft that extends from subsite S4 to subsite S39 (Fujinaga et al., 1996; Korkmaz et al., 2007) (Fig. 3) . The S1 binding pocket of PR3 is hemispherical, but it seems to be smaller than that of HNE because of the Val/ Ile substitution at position 190 (Fujinaga et al., 1996) . The specificity of PR3 and HNE has been investigated using chromogenic substrates, such as p-nitroanilide (pNA), 5-Amino-2-nitrobenzoic acid, and thiobenzylester, and fluorogenic substrates, such as aminomethylcoumarin and fluorescence resonance energy transfer (FRET) substrates. Both PR3 and HNE preferentially accommodate small hydrophobic residues (Val, Cys, Ala, Met, Ile, and Thr) in the S1 pocket. Because of the Val/Ile substitution in the S1 subsite, PR3 cleaves proteins or peptides containing an Ala at the P1 position more efficiently than does HNE (Jégot et al., 2011) .
The S2 subsite of PR3 is a deep polar pocket of increased polarity due to the presence of two positively solvent-accessible charged residues Arg and Lys at positions 60 and 99, respectively (Fujinaga et al., 1996) . By contrast, the Lys/Leu substitution at position 99 makes the S2 subsite of HNE quite hydrophobic. PR3 preferentially accommodates a negatively charged (Asp, Glu) or a hydrophilic residue (Tyr, Ser) at P2 because of its Lys99 (Hajjar et al., 2006; Korkmaz et al., 2007 Korkmaz et al., , 2013a . The replacement of Lys99 by Leu in a recently described recombinant PR3 mutant (PR3K99L) considerably reduced the rate at which PR3 substrates were hydrolyzed (Jégot et al., 2011) . These data suggest that Lys99 is a key residue involved in the proteolytic specificity of human PR3. By contrast, HNE preferentially cleaves sequences containing a hydrophobic residue at position P2. The residue at position 99 in PR3 and HNE borders both the S2 and S4 subsites, which makes them smaller and more polar in PR3 than in HNE. In addition, there is a charged arginyl residue at position 217 in HNE in the vicinity of S4, whereas it is an Ile in PR3. Our recent study using single-residue mutant PR3 with Arg at position 217 (PR3I217R) revealed that Ile217 in the vicinity of the S4 pocket greatly influences the substrate specificity of PR3 (Guarino et al., 2014) .
PR3 and HNE also differ in their P3 specificity; only HNE preferentially accommodates a negatively charged residue at that position (Jégot et al., 2011) . Most FRET substrates or peptides selectively cleaved by HNE have a negatively charged residue at position P3. Therefore, a PR3 substrate with a negatively charged residue at position P2 may be cleaved one bond downstream by HNE, which can accommodate this residue within its S3 subsite.
Molecular dynamics simulations based on the threedimensional structure reveal that Asp61 in PR3 is close to the putative subsites S19 and S39, and Arg143 contributes to the shape of the S29 pocket (Hajjar et al., 2006; Korkmaz et al., 2007) . The 60 loop containing Asp61 is significantly displaced to bring the negatively charged side chain close to the S19 and S39 sites. The S19 and S29 subsites in HNE are relatively hydrophobic; S19 is lined with Cys42-Cys58 and S29 with Phe41 and Leu143. Peptidyl sequence elongation beyond P19 has a favorable effect on PR3 hydrolysis but not on HNE hydrolysis. In addition, the charged residues Lys99, Arg143, and Asp61 confer specific biologic functions to PR3, which have been deduced from the identifications of specific cleavage sites within target proteins such as nuclear factor-kB, p21, prointerleukin-8, and calmodulin (Fig. 3) .
The widely used peptidyl-thiobenzylester and pNA substrates do not distinguish PR3 and HNE activities. We recently developed a selective biotinylated pNA substrate, Bt-Pro-Tyr-Asp-Ala-pNA (k cat /K m = approximately 30 mM 21 s 21 ), for PR3 over HNE (Guarino et al., unpublished data) . Structural differences between PR3 and HNE at S3, S2, S19, and S29 have been exploited to develop highly sensitive and specific synthetic FRET peptide substrates for human PR3 that allow its detection in complex biologic samples (Hajjar et al., 2006; Korkmaz et al., 2007; Popow-Stellmaszyk et al., 2013; Sinden and Stockley, 2013; Hinkofer et al., 2015) . In addition, a cell-permeable selective PR3 substrate, O 2 Oc-K(HMC)-YYAbu-Orn(CM3), was recently developed (Wysocka et al., 2012) .
C. Antigenic Sites
C-ANCAs recognize conformational epitopes on the solvent-accessible surface of PR3 (9800 Ǻ). Although PR3 and HNE share a very similar three-dimensional structure, C-ANCAs from patients with GPA do not crossreact with HNE. Mouse anti-PR3 mAbs generated by several investigators were reported to recognize different conformational epitopes on the PR3 surface and to interfere with the binding of PR3-C-ANCA. Biosensor technology, a flow cytometry assay based on TALON beads, and the capture enzyme-linked immunosorbent assay were used for epitope-specific grouping of mouse anti-PR3 mAbs (Van der Geld et al., 1999; Kuhl et al., 2010; Silva et al., 2010) . A collection of 14 mouse anti-PR3 mAbs was characterized and grouped into four major subsets that recognize different surface regions of PR3 (Silva et al., 2010) (Fig. 4) . Antigen surfaces that interact with conformational antibodies are on average 700-1000 Ǻ in size (Sundberg and Mariuzza, 2002) and are expected to cover several amino acid residues on different surface loops.
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Several attempts were made to identify structural determinants of PR3 antigenic sites. Natural PR3 homologs from granulocytes of mice and various primates permitted us to assess the extent of crossreactivity with human PR3 and the tentative location of conformational epitopes in view of the observed sequence variations in different mammalian species.
Chimeric molecules composed of human PR3 and HNE or human/gibbon PR3 were also used for epitope mapping strategies (Selga et al., 2004; Kuhl et al., 2010) . The natural substitutions found in the gibbon PR3 homolog, which are not equally distributed but are clustered on one side of the surface, allowed us to identify the conformational epitopes of the group 1 and group (Jerke et al., 2015) and FRET substrates derived from P21 (Korkmaz et al., 2007) , NFkB, PML-RAR-a, pro-IL8 (Korkmaz et al., 2013a) , protein C inhibitor (Korkmaz et al., 2013a) , and PAI-1 (Korkmaz et al., 2002) that are selectively cleaved by PR3 and elastase. IL, interleukin; NFkB, nuclear factor kB; PAI-1, plasminogen activator inhibitor; PML-RAR-a, promyelocytic leukemia-retinoic acid receptor-a; TIM-3, T-cell Ig mucin domain-containing molecule 3.
Inhibitors and Antibodies Targeting PR3 611 4 mouse mAbs. Group 1 mAbs (CLB12.8, 6A6, and PR3G-2) bind to a region on PR3 formed mainly by two closely spaced surface loops: the 37 loop and the 70 loop (Fig. 4) . In contrast with the other identified epitopes, epitope 1 is altered by a1PI binding that induces a conformational change. Group 2 mAbs (MCPR3-1, MCPR3-2, and 4A3) bind to a region of the N-terminal subdomain located north of the substrate binding cleft composed by the 60 loop and the beginning of the long 99 loop. Group 3 mAbs (4A5, WGM2, 1B10, 2E1, and MCPR3-3) recognize an antigenic region located on the back of PR3 (Fig. 4) . This region contains a segment that connects the N-and C-terminal b-barrels. Minor sequence modifications on this segment between positions 119 and 122 led to a loss of the binding site (Kuhl et al., 2010; Silva et al., 2010) . Novel mAbs named MCPR3-7 and MCPR3-11 that map to epitope 5 are unique because they bind much better to proPR3 than to mature PR3.
A vast majority of C-ANCAs share binding specificity with group 1 mAbs (CLB12.8, 6A6, and PR3G-2) because they cannot bind to PR3 in complex with a1PI (Kuhl et al., 2010 ). In addition, several studies reported that purified C-ANCAs were able to interfere with the proteolytic activity of soluble PR3 (Dolman et al., 1993; van der Geld et al., 2002) . The investigation of a large collection of longitudinally collected samples from patients with GPA (n = 433) recently provided evidence for PR3 activity-modulating C-ANCAs (80%). The inhibitory type of C-ANCA was most prevalent, but C-ANCAs with activity-enhancing effects on PR3 were also identified. C-ANCAs with inhibitory capacity partially block PR3 activity by an allosteric mechanism of inhibition (Hinkofer et al., 2013 (Hinkofer et al., , 2015 . Epitope mapping revealed that these mAbs bind mainly to a region that overlaps with that of group 1 (Hinkofer et al., unpublished data) .
D. Membrane Binding Area
Unlike other NSPs, PR3 is already expressed at the surface of resting naive neutrophils purified from the peripheral blood. Several groups reported a bimodal cell surface expression pattern of PR3, representing a large population of PR3-positive resting neutrophils and a small subpopulation of PR3-negative resting neutrophils (Halbwachs-Mecarelli et al., 1995). This peculiar (Kuhl et al., 2010; Silva et al., 2010) . (B) Binding regions of different anti-PR3 mAbs. Solvent-accessible molecular surfaces with positive or negative electrostatic potential of PR3 are colored dark blue and red, respectively. The serine of the catalytic triad is yellow. Arabic numbers designate the four major surface epitopes recognized by the anti-PR3 mAbs (Kuhl et al., 2010; Silva et al., 2010) . Epitope numbering corresponds to mAb grouping. The loops and the linker are indicated by the arrows. The representation was generated with Yasara. type of distribution is genetically determined (Schreiber et al., 2003) . PR3 constitutively expressed on resting neutrophils has been designated "constitutive PR3." It is still unclear how constitutive PR3 is expressed on resting neutrophils. Exposure of neutrophils to cytokines (tumor necrosis factor-a) and chemoattractants (platelet activating factor, formyl-Met-Leu-Pro, or interleukin-8) increases the expression of PR3 at the neutrophil surface (Campbell et al., 2000) . PR3 expressed on membranes as a consequence of neutrophil activation has been called "induced PR3" (Korkmaz et al., 2009 (Korkmaz et al., , 2013b . PR3 m is detected using mouse anti-PR3 mAbs belonging to groups 1, 2, and 3, indicating that the structural determinant recognized by these mAbs (epitopes 1-3) is accessible in PR3 m . Since membrane expression of PR3 is pivotal for its proinflammatory functions in GPA, the interaction of PR3 with neutrophil surfaces has attracted much attention and has been investigated by several groups. The three-dimensional structure of PR3 shows a closely spaced hydrophobic surface patch (Phe165, Phe166, Ile217, Trp 218, Leu223, and Phe224) and a small cationic cluster (Lys187, Arg186, Arg186B, and Arg222) on the C-terminal b-barrel (Fujinaga et al., 1996) . PR3 m is not solubilized in high-salt buffers, indicating that electrostatic interactions are not involved in its membrane interaction (Korkmaz et al., 2009 ). This has been taken as an indication for the hydrophobic nature of PR3 m binding. The hydrophobic patch of human PR3 is not conserved in mammals (Korkmaz et al., 2008a) . Except for chimpanzees, three of the hydrophobic residues (namely, Phe166, Trp218, and Leu223) are substituted by charged or polar residues (e.g., on the surface of mouse and other primates). A human-gibbon (Hylobates pileatus) PR3 chimera with a gibbon C-terminal b-barrel, which differs only by nine residues from human PR3, cannot interact with human NB1 and cellular cell surfaces in vitro (Korkmaz et al., 2008a) . In addition, PR3 is not found on the surface of quiescent neutrophils from mice (Pfister et al., 2004) and macaques (Korkmaz et al., unpublished data) . These data collectively led to the conclusion that the unique solvent-accessible hydrophobic patch of PR3 mediates its membrane interaction. More recently, Kantari et al. (2011) reported that the mutation of four hydrophobic residues of this patch (Phe165, Phe166, Leu223, and Phe224) prevented PR3 expression on rat basophilic leukemia-1 cells.
Because the hydrophobic patch is part of the activation domain that changes, upon zymogen conversion, the active PR3, and not so much its zymogen, can bind to the surface of NB1-transfected HEK293 cells (von Vietinghoff et al., 2007) and Chinese hamster ovary cells (Korkmaz et al., 2008a) . Group 5 mouse anti-PR3 mAb MCPR3-7, which preferentially binds to the activation domain of the zymogen, prevents the binding of PR3 to cellular membranes expressing human NB1 after transfection (Korkmaz et al., unpublished data) . When MCPR3-7 was used for the detection of PR3 m on resting or activated neutrophils, none of the cells displayed PR3 binding to this antibody, indicating that the hydrophobic patch of the activation domain is involved in membrane binding (Silva et al., 2010) . Taken together, these results support the hydrophobic nature of PR3 membrane interactions.
IV. Protein and Chemical Inhibitors of Proteinase 3
A. Protein Inhibitors 1. Serine Protease Inhibitors. Serine protease inhibitors (serpins) are the largest and most diverse superfamily of protease inhibitors, containing between 350 and 500 amino acid residues with molecular weights ranging from 40 to 60 kDa (Gettins, 2002) . Over 3000 members of the serpin superfamily have been identified in animals, plants, bacteria, archaea, and viruses (Irving et al., 2000; Silverman et al., 2001; Mangan et al., 2008; Olson and Gettins, 2011) . They can operate in intracellular and extracellular environments (Silverman et al., 2001; Gettins, 2002) . Serpin members have been classified into 16 clades (A-P) based on their evolutionary relationships. Most human serpins belong to clades A and B, which form gene clusters on chromosome 14 and on chromosomes 6 and 18, respectively. In mammals, a large group of serpins in plasma regulate serine protease cascades of the complement and blood coagulation and fibrinolysis systems (Olson and Gettins, 2011) . Serpins, which are singlechain proteins, share a similar, highly conserved tertiary structure. The consensus fold of a native serpin contains three b-sheets (termed sA-sC) and eight or nine a-helices (termed hA-hI) and possesses a reactive center loop (RCL) (Fig. 5A) . The RCL is a solventexposed flexible stretch of 20 to 21 amino acid residues positioned between b-sheets sA and sC and adopts a metastable, so-called stressed conformation in native inhibitory serpins.
Most serpins can be classified as a mechanism-based "suicide" or "single-use" inhibitor because the RCL is attacked by the target protease between P1 and P19 and forms a stable covalent enzyme-inhibitor complex (Huntington et al., 2000) . The P1 residue in the RCL is critical for the specificity of a serpin toward a particular protease . X-ray crystal structures of encounter complexes, which are serpins bound to a catalytically inactive protease, reveal that the RCL acts as a pseudosubstrate for the respective target protease in the canonical conformation (Dementiev et al., 2003) (Fig. 5B) . Initially, the RCL binds to the target protease active site by reversible noncovalent association, which is the rate-limiting step of the entire inhibitory reaction (Gettins, 2002) . This noncovalent reversible Michaelis complex is then converted into an acyl-enzyme Inhibitors and Antibodies Targeting PR3 intermediate, in which the target protease is covalently linked to the serpin by an ester bond formed between the Ser195 oxygen of the protease and the P1 carbonyl carbon of the RCL loop (Fig. 5B ). An approximately 4-kDa C-terminal fragment generated after the cleavage of the RCL by the protease remains noncovalently bound to the cleaved serpin. The RCL linked to the protease inserts into b-sheet sA of the serpin, dragging the protease with it. This inhibitory pathway results in a 71-Å translocation of the protease to the opposite site of the serpin and the formation of a hyperstable sixstranded A-sheet conformation. In the 1:1 stoichiometric (enzyme/inhibitor) covalent inhibitory complex, the oxyanion hole of the protease bound to the serpin is distorted (Olson and Gettins, 2011) . This structural rearrangement abrogates the catalytic mechanism of the protease and prevents the hydrolysis of the acyl complex (Huntington et al., 2000; Dementiev et al., 2006) . The structural alterations of the protease in particular pertain to the activation domain loops of the protease, which adopt a zymogen-like conformation (Huntington et al., 2000; Dementiev et al., 2006) (Fig. 5B) . The initial encounter complex between the serpin and its target protease may result in cleavage of the RCL without subsequent formation of the covalent complex (Olson and Gettins, 2011) . This substrate pathway depends on the nature of the serpin and the protease. It results in the formation of an RCL-cleaved serpin and release of an active enzyme. The substrate pathway increases the inhibitor/enzyme ratio for full inhibition, which is often higher than 1.
The transfer of the serpin RCL or part of it into another serpin does not generally result in the transfer of the inhibitory specificity. The resulting chimeric serpin often behaves like a substrate and is cleaved by target proteases without forming the covalent complex. By contrast, single-residue substitutions within RCLs and usually that of the P1 residue have been utilized to change the inhibitory specificity of serpins .
a. a-1 Protease inhibitor. For historical reasons, a1PI was first named a-1-antitrypsin because it was found to inhibit pancreatic trypsin. This archetypal member was assigned the first number of the clade A (serpinA1). Later, it was shown to inhibit a wider range of serine proteases, including NSPs, and it was thus renamed a1PI. The largest proportion of the mature polypeptide chain is produced by the liver and secreted as a 52-kDa sialoglycoprotein (394 residues) into the blood (Janciauskiene, 2001) . It is the second most abundant plasma protein after albumin/IgG, with circulating levels between 1.2 and 2 mg/ml (20-40 mM) in healthy individuals (Jeppsson et al., 1978; Crystal et al., 1989) . The a1PI gene named SERPINA1 is localized on the long arm of chromosome 14 (14q32.1).
The exposed RCL of a1PI is cleaved at the Met358 to Ser359 bond (P1-P19) upon interaction with target proteases (Table 3 ). The X-ray structure of free a1PI revealed that its RCL adopts a canonical-like conformation from Pro361 to Ile356 (P39-P3), with an extension as a b-pleated strand from Ile356 to Met351 (P3-P8). This rigid canonical conformation of RCL is stabilized by intramolecular contacts (Elliott et al., 1996) . a1PI is an efficient inhibitor of HNE with a second-order association rate constant (k ass ) of 6.5 Â 10 7 M 21 s 21 and an inhibitor/enzyme stoichiometry index (SI) of 1 (Beatty et al., 1980) . However, the k ass of a1PI is 100 times less (Sinden et al., 2015; Epinette et al., unpublished data) and the SI is approximately 1.3 because of proteolytic inactivation of some a1PI molecules occurring in the course of interaction (Korkmaz et al., 2005b) . a1PI contains a P1 methionine residue Met358 in its RCL, which can be oxidized in vitro by reactive oxygen species or activated neutrophils. Oxidation of this residue results in a marked loss of inhibition of NSPs by a1PI. The substitution of the Met by a Val makes this a1PI(Met358/Val358) variant resistant to oxidizing agents (Courtney et al., 1985) . Moreover, it does not inhibit trypsin or other plasma serine proteases with trypsin-like specificity (Travis et al., 1985) . Other a1PI variants with alanine, cysteine, leucine, or isoleucine at position 358 were produced Matheson et al., 1986) . They are all potent inhibitors of HNE and are resistant to oxidation. A genetically engineered hybrid antichymotrypsin containing P3-P39 residues of a1PI, called LEX032, is an efficient inhibitor of PR3 (Groutas et al., 1997) .
More than 100 genetic variants of a1PI with amino acid substitutions or deletions have been reported (Salahuddin, 2010) . At the protein level, these natural a1PI variants exhibit different isoelectric focusing behavior in the pH range of 4 to 5 and are distinguished by a capital letter (M, S, or Z) according to their isoelectric focusing position. The most common normal variants (approximately 50) migrate in the middle region and are assigned an M. S and Z a1PI variants are identified as more cathodal variants because of a positive charge increase, with Z migrating most cathodal. The S (Glu264Val) and Z (Glu342Lys) variants carry a single amino acid substitution. The majority of patients are homozygous for the Z variant, which is frequent in Northern European (allele frequency 1 in 27) and Polish individuals. Compound heterozygotesparticularly in combination with S, a frequent allele (1 in 8) in the population of the Iberian Peninsula-and null alleles in combination with a single Z allele have been reported and are probably under-recognized. Abnormalities of these two variants result in decreased or undetectable a1PI levels in serum. Levels below 35% are associated with an increased risk of pulmonary emphysema, GPA, and liver diseases. a1PI deficiency affects approximately 1 in 2000-5000 individuals. S and Z variants function normally as HNE inhibitors and their k ass values for HNE are almost the same as those of normal a1PI.
In addition to common S and Z variants, several rare deficiency variants for a1PI have been reported (Salahuddin, 2010 ). An a1PI variant with an Arg at position 358, replacing the normal P1 methionine, was identified in the plasma of a 14-year-old boy who died from a fatal bleeding disorder (Owen et al., 1983) . This natural variant, called Pittsburgh a1PI, is a potent inhibitor of thrombin, plasmin, and plasma kallikrein and acts as an uncontrolled anticoagulant. It has 10 4 -fold decreased k ass for HNE. This finding indicates that the reactive center of a1PI is methionine 358, which acts as "bait" for HNE (Schapira et al., 1986; Scott et al., 1986) . The X-ray structure of Pittsburgh a1PI noncovalently bound to trypsin was identified using a bovine trypsin variant in which the Ser of the catalytic triad was replaced by Ala at position 195 (Dementiev et al., 2003) (Fig. 5B) . The crystal structure revealed that the RCL loop of Pittsburgh a1PI did not change upon binding with S195A trypsin. The contact area was located between P2 and P29. These data suggested a limited canonical-like interaction between a1PI and its (Hunt and Dayhoff, 1980; Benarafa and Remold-O'Donnell, 2005) . The human SERPINB1 gene is located on chromosome 6 (Zeng et al., 1998) . SerpinB1 is highly expressed in the cytosol of neutrophils and monocytes (Remold-O'Donnell et al., 1989) .
Unlike a1PI, serpinB1 displays two functional reactive sites in the RCL, one at Phe343-Cys344 and the other at Cys344-Met345 (Table 3) , either of which can be cleaved by target proteases. Phe343 and Cys344 act as the P1 residue, respectively, for serine proteases with chymotrypsin-like (e.g., CatG and chymase) and elastase-like (e.g., PR3 and HNE) specificities (Cooley et al., 2001 ) with a SI close to 1 (Jégot et al., 2011) . The first selective inhibitor of PR3 over HNE and CatG was derived from serpinB1. The dual inhibition of serine proteases with chymotrypsin-or elastase-like specificities seems to be linked to the greater flexibility of the serpinB1 RCL. Thus, inhibition of target proteases should not be significantly altered by replacing a few residues within the flexible RCL. We explored the structural differences between PR3 and HNE active sites to generate a recombinant serpinB1 called serpinB1 (STDA/R), which contains only four substitutions in its RCL (Jégot et al., 2011) . The substitution of P2 residue Phe343 by Asp abolished the interaction and cleavage by CatG, whereas it improved the interaction with the S2 residue Lys99 of PR3. The Asp-Ala-Arg sequence in peptide substrates is selectively and efficiently cleaved by PR3 over HNE at the Ala-Arg bond, which explains the choice of these residues from P2 to P19. Ala341 has been substituted by a Ser residue at P4 to prevent the processing by HNE. Despite the presence of an Asp-AlaArg sequence in the RCL, the variant serpinB1(STDA/R) was cleaved by HNE at the Ala-Arg bond without irreversible trapping. SerpinB1(STDA/R) is an efficient inhibitor of PR3, with a second-order association rate constant of 1.4 Â 10 7 M 21 s 21 and an SI below 2. The k ass is approximately 100 times faster than that observed for wild-type serpinB1 and is similar to that of the a1PI for HNE. Like a1PI, SerpinB1(STDA/R) inhibited and removed the induced PR3 m from the membranes of activated neutrophils (Jégot et al., 2011) .
The three-dimensional structure of serpinB1 was recently identified by Wang et al. (2013) in the native conformation using a RCL variant in which Leu346 and Met347 were mutated to Asp (Protein Data Bank code 1BY7) (Fig. 5A) . The serpinB1 structure contains three b-sheets, nine a-helices, and a flexibly exposed RCL. In the crystal, two serpinB1 molecules are linked together by a disulfide bond between Cys344 of the RCL. In the dimer, the P residues ranging from 332 to 341 of chain A and from 330 to 341 in chain B lack clear electron density, because they are disordered and not visible. P9 residues are, however, visible with well defined electron densities. These findings are a further indication for the high flexibility of the RCL in serpinB1.
2. Canonical Inhibitors. Canonical inhibitors that represent the largest group of protein inhibitors are found in high quantities in plant seeds, avian eggs, and various body fluids. Canonical inhibitors composed of 14 to approximately 200 amino acid residues are grouped into 18 families (e.g., Kazal, Bowman-Birk inhibitor, chelonianins), which all display a different fold but share a similar protease-interacting segment called the protease-binding loop. In all known members, this convex and solvent exposed loop adopts a canonical conformation that is complementary to the concave active site of the target protease. Their proteasebinding loop in the P3-P39 region acts like an optimal substrate, forming an enzyme-inhibitor complex. This noncovalent main chain interaction via antiparallel b-pleated strands between the inhibitor and protease resembles the protease-substrate Michaelis complex. Upon binding, the reactive site P1-P19 can be selectively hydrolyzed by the target protease. However, the catalytic rate constant for the hydrolysis of the reactive site is extremely low at neutral pH. The mode of recognition between different canonical inhibitors and target serine proteases is always almost the same and follows the standard mechanism (Laskowski and Kato, 1980; Krowarsch et al., 2003) .
Elafin and SLPI are two inhibitors that belong to the chelonian family. These proteins are identified as alarm antiproteases because they are locally produced during infection. They are the best characterized inhibitors of the chelonian family and are able to inhibit NSPs. In addition to their inhibitory properties, they possess broad-spectrum antimicrobial activities (Sallenave, 2010; Scott et al., 2011) .
a. Elafin. Elafin, also called skin-derived antileukoprotease, is an alarm antiprotease that has been isolated from the skin of patients with psoriasis (Schalkwijk et al., 1990; Wiedow et al., 1990) and from the sputum of patients with COPD (Sallenave and Ryle, 1991; Sallenave et al., 1992) . Elafin is synthetized as a 9.9-kDa full-length pre-elafin precursor (also called trappin-2, which is an acronym for transglutaminase substrate and wAP domain containing protein). The unglycosylated 95-residue cationic pre-elafin is composed of an N-terminal "cementoin" domain (38 residues) and a C-terminal globular inhibitory WAP 616 domain (57 residues) (Nara et al., 1994) . The N-terminal domain contains several repeats of a motif that facilitates the transglutaminase-mediated anchoring of pre-elafin to extracellular matrix components. The three-dimensional structure of elafin with the C-terminal inhibitory domain was crystallized in a complex with porcine pancreatic elastase (Tsunemi et al., 1996) . It is stabilized by four disulfide bridges characteristic of whey acidic proteins. The inhibitory loop is constituted by the residues Leu20 to Leu26. Its C-terminal inhibitory domain shares approximately 40% identity with the SLPI inhibitory domain. Mast cell tryptase has been identified as the protease that releases the 6-kDa elafin domain from its precursor (Guyot et al., 2005) . The elafin gene protease inhibitor 3 (PI3) is constitutively expressed in several epithelial cells, including the skin, lungs (Vos et al., 2005) , oral cavity, and vagina (King et al., 2003) . Elafin is synthesized by bronchial and epithelial cells of the respiratory tract. Its concentration in bronchial secretions of normal subjects ranges from 1.5 to 4.5 mM (Tremblay et al., 1996; Ying and Simon, 2001) .
Recombinant elafin and its precursor produced in Saccharomyces cerevisiae and in Pichia pastoris expression systems have identical high affinities for PR3 and HNE. The K i values determined by different groups are in the 10 210 M range (Table 3) . Elafin interacts with target proteases via the Ala24-Met25 segment, which contains an oxidizable Met at the P19 position. Oxidation of elafin and its precursor lowers their affinities for PR3 and HNE. Substituting P19 Met with Leu in elafin and its precursor abolishes inhibition of PR3, while slightly decreasing the affinity of both inhibitors for HNE (Nobar et al., 2005) . Elafin/pre-elafin can inhibit PR3 m and HNE m at the surface of activated neutrophils. Elafin-PR3 m complexes remain bound on the neutrophil cell surface (Korkmaz et al., 2009) .
b. Secretory leukocyte protease inhibitor-elafin chimeras. SLPI is a nonglycosylated highly basic 107-amino acid single-chain protein that has been initially isolated from bronchial secretions (Hochstrasser et al., 1972; Ohlsson and Tegner, 1976) . It is found in all body fluids, including urine, tears, salivary glands, seminal fluids, and cervical and intestinal mucus. SLPI concentrations are estimated to be around 9 mM in bronchial secretions of normal subjects (Vogelmeier et al., 1997) . The crystal structure of SLPI in the complex with bovine chymotrypsin reveals two homologous domains each containing four disulfide bridges (Grütter et al., 1988) . Only the C-terminal domain is involved in protease binding. The Leu72-Met73 dipeptide has been identified as the P1-P19 residues. SLPI is a high affinity canonical inhibitor of HNE, with a K i of 0.1 Â 10 210 M (Gauthier et al., 1982) , but it does not inhibit PR3 significantly. The lack of PR3 inhibition by SLPI is explained by the reduced size of the S1 pocket of PR3 impairing the accommodation of P1 Leu72. Lack of a hydrogen bound around the PR3 S5 pocket (Koizumi et al., 2008) and unfavorable charge contacts between PR3 and SLPI (Zani et al., 2009) were also reported to explain the lack of PR3 inhibition by SLPI. Zani et al. (2009) produced two recombinant SLPIelafin chimeras in P. pastoris. In the first chimera, they replaced the noninhibitory N-terminal domain of SLPI with the elafin domain to give elaf-SLPI2. In the second chimera, named SLPI2-elaf, the elafin domain was fused to the C-terminal side of SLPI2. Both mutants were reported to strongly interact with PR3, HNE, and CatG, with K i values in the 10 211 range (Table 3 ). The SI for both chimeras has been determined and amounts to 1:1 for PR3 and 2:1 for HNE.
3. a-2-Macroglobulin. Human a-2-macroglobulin (a2-M) is an abundant 725-kDa homotetrameric plasma protease inhibitor synthesized in the liver (Barrett and Starkey, 1973; Travis and Salvesen, 1983; SottrupJensen, 1989) . It is present at a concentration of 2 mg/ml in serum (Petersen, 1993) . Because of its high molecular mass, it cannot readily diffuse to inflammatory sites during neutrophil extravasation, and therefore controls protease activities primarily within the circulation. a2-M displays broad inhibitory specificity and inhibits all four major classes of proteases that form a 1:1 or 2:1 complex with tetrameric a2-M (Travis and Salvesen, 1983; Sottrup-Jensen, 1989) . Marrero et al. (2012) recently demonstrated that a2-M operated through a unique irreversible "venus flytrap" mechanism, which "entraps" target proteases in the inhibitor tetramer. Proteases are captured and trapped by conformational changes occurring after the cleavage of a multitarget "39-residue bait region" (Pro690-Thr728) by the protease (Barrett and Starkey, 1973; Sottrup-Jensen, 1989 ). The a2-M mechanism of interaction with target proteases has been described in detail (Marrero et al., 2012; Garcia-Ferrer et al., 2015) . Its covalent association with proteases sterically shields their active sites from large molecular substrates, permitting enzymatic hydrolysis of only small synthetic substrates (Doan and Gettins, 2007) . a2-M inhibits PR3, with a second-order association rate constant of 1.1 Â 10 7 M 21 s 21 (Rao et al., 1991) . The cleavage site of PR3 within the bait region has not been identified.
4. Antibodies Interfering with Activity. mAbs, which show a relatively long half-life, high affinity, and selective binding, are regarded as therapeutic agents for a variety of human diseases. Moreover, antibodies that interfere with the catalytic activity of serine proteases have been generated. To identify antibodies with protease-inhibiting properties, different approaches involving immunization or screening of the phage display of combinatorial antibodies libraries have been explored. The mAbs generated have been classified into two groups (Ganesan et al., 2010) . The first group of antibodies inhibits protease activity by hindering substrate access to the catalytic cleft, whereas the Inhibitors and Antibodies Targeting PR3 second group induces an allosteric switch mechanism. The first group of antibodies can bind close to or within the substrate binding region of the target protease. This binding is mediated by the complementary determining regions of the antibody in a way that substrate access to the catalytic cleft is partially or fully occluded. The second group of antibodies does not directly interact with the substrate binding site of the target antigen. The epitopes of this group are located at the periphery of the substrate binding region. Upon binding, mAbs of this group alter the conformation of loops surrounding the substrate binding pockets, which results in reduced or suppressed catalytic activity of the target protease toward an extended peptide substrate.
MCPR3-7 is a monoclonal mouse anti-PR3 antibody that can interfere with the catalytic activity of PR3 by an allosteric mechanism (Hinkofer et al., 2013) . Initially, this mAb was generated to discriminate between proteolytically active mature PR3 and its inactive zymogen, which displays a different conformation. For the generation of a mAb with preferred binding to the PR3 zymogen, BALB/c mice were immunized with a purified N-terminally protected pro-PR3 variant. The latter was produced with the amino-terminal sequence AEP-I 16 in nonhematopoietic HEK293 cells. A proline residue was inserted between the natural propeptide Ala-Glu-Pro-Ile16 and the amino terminus of mature PR3 to prevent the processing by exopeptidases. The clone called MCPR3-7 preferably bound to the PR3 zymogen in direct comparison with the mature PR3 in a capture enzyme-linked immunosorbent assay. The PR3 zymogen in solution had a 40-fold higher affinity for MCPR3-7 than mature PR3, as determined by thermophoresis. MCPR3-7 also showed much stronger binding to the covalent PR3-a1PI complex than to the canonical PR3-a1PI complex. In the covalent PR3-a1PI complex, PR3 has a zymogen-like conformation that increases its affinity for MCPR3-7 (Hinkofer et al., 2013) .
MCPR3-7 completely reduces the proteolytic activity of mature PR3 at a 3-fold molar excess toward synthetic extended FRET substrates. In PR3-MCPR3-7 complexes, the shape and/or access to the PR3 S19 subsite is primarily altered. However, the major binding region of MCPR3-7 is located in the activation domain of the PR3 zymogen. Binding of MCPR3-7 to the proform of PR3 induces little conformational change of the zymogen (Fig. 6) . By contrast, the interaction of MCPR3-7 with mature PR3 forcefully induces this zymogen-like catalytically inactive state even after the removal of the propeptide by CatC. This zymogen-like inactive conformation of mature PR3 occurs with low probability in solution and is in equilibrium with the highly favored active conformation of mature PR3. The binding of MCPR3-7 to the zymogen-like conformation of mature PR3 shifts the equilibrium toward the inactive PR3 with its modified substrate binding cleft (Fig. 6) . Inhibition of PR3 activity is most likely due to an allosteric effect altering the conformations of the autolysis and 187-190 loops located around S1, S19, and S29 subsites. The binding of MCPR3-7 to PR3 also affects the covalent or canonical complexation with a1PI and delays the irreversible inhibition of PR3. MCPR3-7 is the first prototype of a PR3-directed conformation specific mAb with inhibitory properties (Hinkofer et al., 2013) . Liu et al. (2015) recently developed a novel strategy to design antibody-based inhibitors with nanomolar affinities for serine proteases with a trypsin-like fold (bovine trypsin and HNE) by engineering the exceptionally long CDR3H loop of a subgroup of bovine antibodies. The X-ray crystal structure of one such antibody showed a highly solvent exposed novel structure in which the elongated CDR3H loop folds into a disulfide-linked distal "knob" domain attached to the evolutionary conserved, antiparallel b-strand "stalk." The latter is common to canonical serpin families. By inserting the active b-hairpin loop of sunflower trypsin inhibitor-1 into the CDR3H b-strand stalk of a bovine antibody, trypsin-inhibiting Fabs have been generated. Anti-HNE Fabs have been engineered by inserting a known disulfide-bridged HNE-inhibiting peptide (McBride et al., 1999) into the b-strand "stalk," whose length was varied and reduced from nine to seven residues. These Fabs were then humanized. The anti-HNE Fab called hAb-EI-L7 (the human anti-elastase inhibitory antibody with a b-strand linker is seven residues in length) is a potent HNE inhibitor (K i = 0.83 6 0.31 nM). hAb-EI-L7 weakly inhibits PR3, with a K i . 300 nM, and is therefore more than 300-fold more potent toward HNE (Liu et al., 2015) .
B. Synthetic Inhibitors
1.
Substrate-Like Pseudopeptide Inhibitors. Pseudopeptides are peptide derivatives with an altered chemical structure that prevents degradation or modifications by endogenous enzymes. Pseudopeptides include azapeptides, amide bond surrogates, and peptoids. Azapeptides are peptide analogs in which one or more a-carbon atoms have been replaced by a nitrogen atom (Proulx et al., 2011) . They can act as protease inhibitors when the replacement affects the a-carbon of the P1 residue in peptide analogs (Adessi and Soto, 2002; Zega, 2005) . Azapeptides for the use as protease inhibitors generally contain a P1 aza-amino acid residue and a good reactive leaving group (-ONp, -OCH 2 CF 3 , -OPh), so that they form with the target protease a stable acyl-enzyme intermediate that dissociates very slowly (Zega, 2005) . The substitution of a carbon by a nitrogen atom at P1 decreases the electrophilicity of the P1 carbonyl group and also moves the geometry of the complex away from a tetrahedron. The acyl derivative is a carbazate and is much more stable toward nucleophilic attack by water than the ester formed with substrates. The majority of azapeptides that inhibit serine proteases, including HNE, are peptide-nitrophenyl esters that release 4-nitrophenol when the acyl-enzyme complex is formed (Powers et al., 1984; Zega, 2005) . Azapeptides containing a poor leaving group cannot acylate target proteases but simply act as reversible inhibitors (Dorn et al., 1977) .
Recently designed azapeptide inhibitors have a peptide chain on their P9 side and bind to the protease noncovalently and reversibly (i.e., without acylation or deacylation) (Zhang et al., 2002) . Their affinity for the protease active site is similar to that of the substrate, and the K i value is much like the K m of the parent substrate. The first synthetic PR3 inhibitor was derived from the selective PR3 FRET substrate ABZ-VADnorVADYQ-Y(NO 2 ) (M r = 1206 Da) and had a low K m of 1.2 mM (Epinette et al., 2012) . The a-carbon of the P1 residue (norVal) in the peptide moiety was replaced by a nitrogen atom (Fig. 7, A and B) . Otherwise, the peptide sequence and the fluorescence donor/acceptor pair (ABZ = Tyr NO 2 ) was not altered to maintain the water solubility and features as a FRET substrate. The resulting azapeptide ABZ-VAD(aza)norVADYQ-Y(NO 2 ) (M r = 1207 Da), called azapro-3 differs from the parent substrate only by 1 Da. Azapro-3 does not form a stable acylenzyme complex with PR3, as shown directly by native mass spectrometry and indirectly by the absence of an increase in fluorescence that would result from the cleavage of the peptide backbone. Thus, azapro-3 is a reversible competitive inhibitor, with a K i of 1.5 mM comparable to the K m of the parent substrate. Azapro-3 inhibits PR3 in solution, PR3 m , and also the PR3 present in biologic samples. It does not inhibit neutrophil HNE to any significant extent and does not inhibit CatG, chymotrypsin, or granzyme B. Azapro-3 is highly stable in a lysate of neutrophils and in bronchial lavage fluids of patients with neutrophilic pulmonary diseases. The inhibitor was significantly degraded only after it had been incubated with purified PR3 for at least 24 hours; it was cleaved at a single site, P1-P19 [(aza)norV-A], in these conditions. This degradation was so slow that it did not interfere with the almost immediate inhibition produced by inhibitor concentrations in the 10-mM range. Finally, azapro-3 did not alter the viability of a suspension of purified neutrophils, even after incubation with the inhibitor for several hours, and the inhibitor did not enter the cells (Epinette et al., 2012) .
Amide bond surrogates are pseudopeptides in which some amide bonds have been replaced by other chemical groups. The psi-bracket ([C]) is used as the nomenclature for these replacements (Adessi and Soto, 2002) . The introduction of such modifications in the peptidyl sequence completely blocks protease-dependant cleavage of the amide bond. This modification may also alter the conformation and the flexibility of the peptides. Budnjo et al. (2014) recently developed amide bond surrogates in which the scissile amide bond CONH is replaced with a COCH 2 between norVal and Ala (Fig. 7C) in the selective PR3 FRET substrates Abz-VADnorVADYQ-EDDnp and Abz-VANnorVAERQ-EDDnp (Table 4 ). The synthesis was made possible by incorporation of a norVal-Ala ketomethylene dipeptide isostere in peptidyl sequences in place of the norVal-Ala. The resulting amide bond surrogates Abz-VADnorV[C](COCH 2 )-ADYQ-EDDnp Fig. 6 . Interaction of mAb MCPR3-7 with PR3. Binding of MCPR3-7 to the proform of proteinase 3 (proPR3) leads to slight conformational modification of the zymogen (bottom). The mature form of PR3 occurs in an equilibrium between a highly favored active (open substrate binding cleft; right shape) and zymogen-like inactive conformation (modified substrate binding cleft; left shape). Interaction of MCPR3-7 shifts the equilibrium toward zymogen-like inactive conformation and stabilizes this altered conformation displaying modified activity and substrate specificity. Binding of MCPR3-7 to the zymogen-like inactive conformation has an inhibitory effect on the complexation with a1PI (dotted arrow). Targeting PR3 and Abz-VANnorV[C](COCH 2 )-AERQ-EDDnp are called keto-D-DY FRET and keto-N-ER FRET , respectively. These ketomethylene-based inhibitors differ from the parent substrates only by 3 Da and are able to inhibit selectively PR3 over HNE. They display a competitive and reversible inhibition mechanism. Molecular dynamics simulations showed that these peptidomimetic inhibitors display similar interactions with the ligand binding site of PR3 as parent substrates. K i values of 1.7 mM and 9.1 mM are estimated for keto-D-DY FRET and keto-N-ER FRET, respectively (Table 4 ). The estimated K i value of keto-D-DY FRET is almost the same as that of the azapro-3 with a similar peptidyl sequence (Epinette et al., 2012) .
Inhibitors and Antibodies
Peptoids are a class of peptidomimetics whose side chains are attached to the nitrogen atom of a glycyl peptide backbone, rather than to the a-carbons of amino acids (Zuckermann, 2011) . This confers strong resistance to proteolysis and allows a much wider diversity of the side chains than that provided by the 20 amino acids usually found in peptide chains. Peptide-peptoid inhibitors targeting bovine trypsin and chymotrypsin have been synthesized (Stawikowski et al., 2005) , but none has been developed thus far to inhibit PR3 or related NSPs.
2. Transition State Analogs. Transition state analogs are compounds that form transition-stateresembling complexes with serine proteases. The tetrahedral intermediate is formed upon the nucleophilic attack of the Ser195 on the ketone carbonyl of the inhibitors. The tetrahedral intermediate is stabilized by the location of the tetrahedral hemiacetal oxygen in the oxyanion hole and the formation of hydrogen bonds to the backbone NH groups of Ser195 and Gly193. The first transition state analogs were developed using substrate analogs in which the carbonyl of the scissile amide bond of a peptide was replaced by an aldehyde. The tetrahedral structure has been elucidated by X-ray crystallographic studies. Several other substituents, including trifluoromethyl, difluoromethylene, ester, ketone, and a-ketoheterocycles, are transition state analogs (Lucas et al., 2013) .
A number of peptide chloromethyl ketones and a-aminoalkylphosphonate diaryl esters have been designed and tested with PR3 (Kam et al., 1992a; Grzywa and Sie nczyk, 2013) . Peptide chloromethyl (Budnjo et al., 2014) . norVal-Ala in the parent substrate is replaced by norVal-Ala ketomethylene dipeptide isostere. 620 ketones inhibit serine and cysteine proteases, whereas a-aminoalkylphosphonate diaryl esters selectively inhibit serine proteases. a-Aminoalkylphosphonate diaryl esters do not crossreact with acetylcholinesterase or with threonine, aspartyl, and metalloproteases (Grzywa and Sie nczyk, 2013) . They are chemically stable, nontoxic compounds at acidic and neutral buffer conditions and in plasma (but are hydrolyzed rapidly at an alkaline pH above 8). The in vivo activity of a-aminophosphonate derivatives has been evaluated in animal models (Sie nczyk and Oleksyszyn, 2009 ). Design of these inhibitors has primarily focused on the attachment of the serine trap to the recognition sequence present in a known peptidyl substrate of PR3 (Fig. 8A) . These inhibitors interact covalently by the catalytic triad residues and can also be used as activity-based probes (Grzywa and Sie nczyk, 2013) . The mechanism of inactivation of peptide chloromethyl ketones involves recognition of the peptide moiety by PR3, nucleophilic action of the Ser195 with the carbonyl of the chloromethyl ketone to give the tetrahedral structure, and alkylation of the nitrogen of the imidazole ring of the active site histidine. MeO-Suc-AAPV-CH 2 Cl was one the first irreversible PR3 inhibitors identified, with a very low k obs/[I] of 5.9 M 21 s
21
. Bt-6-amino hexanoic acid-ProTyr-Phe-Ala-CH 2 Cl has been identified selective to PR3 over HNE (Table 4) .
Several a-aminoalkylphosphonate diaryl ester compounds blocking PR3 and HNE activities are shown in Table 4 . We recently designed and synthesized new phosphonate inhibitors based on structural differences between PR3 and HNE (Guarino et al., 2014) . The combination of a prolyl residue at P4 and an aspartyl residue at P2 yielded the first selective chlorodiphenyl phosphonate inhibitors of PR3 with the structure Acpeptidyl P (O-C 6 H 4 -4-Cl) 2 . These inhibitors are resistant to degradation and can inactivate PR3 in biologic samples. The replacement of the N-terminal acetyl group by hexanoic acid, 6-amino-hexanoic acid, or biotin resulted in a significant improvement in the k obs/ [I] value (Table 4 ). The N-terminally biotinylated inhibitor containing polyethylene glycol (PEG) as a spacer Bt- [PEG] 66 -Pro-Tyr-Asp-Ala P (O-C 6 H 4 -4-Cl) 2 acts as activity-based probe and can be used to visualize cellular or extracellular PR3 in native conditions using labeled extravidin/avidin (Guarino et al., 2014) (Fig. 8B) . This compound is a highly useful tool to identify soluble active PR3 in biologic samples, such as inflammatory lung secretions and the urine of patients with bladder cancer. The same compound can also be taken to visualize intracellular PR3 and PR3 m on activated neutrophils (Guarino et al., 2014) .
3. Mechanism-Based Inhibitors. Mechanism-based inhibitors, also called suicide inhibitors, are initially unreactive molecules that are processed by the target proteases. This processing results in the unmasking of a reactive function present in the inhibitor. The unmasked groups that are highly reactive electrophilic species can then react with an active site nucleophilic residue to give an irreversibly blocked protease. Most compounds initially react with Ser195 and form an acyl-enzyme complex, while the reactive group is simultaneously unmasked. One advantage of the mechanism-based inhibitors is their good target selectivity due to the presence of a latent electrophilic group, which is unmasked only after protease-induced processing. A variety of templates, including the coumarins, isocoumarins, 2,5-thiadiazolidin-3-one 1, and succinimide, have been used to inhibit serine proteases (Zhong and Groutas, 2004; Lucas et al., 2013) .
Chloroisocoumarins are heterocyclic compounds that contain masked acid chlorides. These compounds were the first mechanism-based inhibitors to be reported for HNE . Kam et al. (1992a,b) showed that 3,4-dichloroisocoumarin, a general inhibitor of serine proteases, inhibited PR3 with a k obs/ [I] ). Groutas et al. (1989) synthesized a series of molecules derived from 3-alkyl-N-hydroxy succinimide derivatives and showed their efficiency against HNE. These derivatives have also been shown to be highly effective inhibitors of PR3. The k obs/ [I] values of the best compounds are summarized in (summarized in Table 5 ). Groutas et al. (1998) later developed serine protease inhibitors based on the 1,2,5-thiadiazolidin-3-one 1,1-dioxide scaffold. Sulfone derivatives of the first series of compounds were found to be highly effective for HNE and PR3 (Groutas et al., 1998) (Table 6 ). The mechanism of action of the 1,2,5-thiadiazolidin-3-one 1,1-dioxide scaffold inhibitors was elucidated by determining the X-ray structure of a compound in complex with HNE (Huang et al., 2008) (Fig. 9A) .
4. Alternate Substrate Inhibitors (Acylating Inhibitors). Alternate substrate inhibitors, also called acylating inhibitors, inhibit serine proteases (Guarino et al., 2014) .
by acetylating the active site serine residue. The mechanism of this process involves the displacement of a leaving group from the acylating agent. Heterocylic structures including b-lactams, cephalosphorine sulphones, and benzoxazin-4-ones (Teshima et al., 1982; Hedstrom et al., 1984) give extremely stable enzyme-inhibitor complexes that undergo very slow deacylation (Zhong and Groutas, 2004; Lucas et al., 2013) . ) (Doherty et al., 1986; Finke et al., 1992) . Rees et al. (1997) demonstrated that L-658,758 was also an efficient inhibitor of PR3. The mechanism for the inhibition by cephalosporins involves the initial formation of a Michaelis complex followed by acylation of the active site serine. The group on the 39-methylene is released during the course of these reactions. A stable HNE inhibitor complex arises from the addition on the active site His to the 39-methylene. L-658,758 is a functionally irreversible HNE inhibitor with a 9-hour half-life (Knight et al., 1992) . Its efficacy has been shown in a hamster lung hemorrhage model .
Sivelestat sodium hydrate (N-[2-[4-(2,2-dimethylpropionyloxy)-phenylsulfonyl-amino]benzoyl] aminoacetic acid; research name ONO-5046, marketed as Elaspol; Ono Pharmaceutical Co., Ltd, Osaka, Japan) was developed as a potent and intravenously effective HNE inhibitor, with an IC 50 of 0.044 mM and a K i of 0.2 mM (Kawabata et al., 1991) . Sivelestat is approved in Japan and Korea and is clinically used to treat acute respiratory distress syndrome (Aikawa and Kawasaki, 2014) . Sivelestat can also inhibit PR3, with an IC 50 of 0.034 mM (Hwang et al., 2015) . A 2-aminobenzaldehyde oxime analog of sivelestat was recently synthesized (Fig. 9B) and was found to be slightly more potent against PR3 than sivelestat, with an IC 50 of 0.022 mM (Hwang et al., 2015) . The efficacy of the latter compound was recently demonstrated in an lipopolysaccharideinduced paw edema model in mice (Hwang et al., 2015) .
V. Proteinase 3-Targeting Inhibitors and Antibodies as Therapeutic Tools
NSPs stored in primary granules are tightly contained by natural inhibitors both in the extracellular microenvironment and in the cytosol of neutrophils and their precursors. Deficiencies in the performance of inhibitors are mostly associated with sustained inflammation and enhanced neutrophil-mediated tissue injury. The role of a cytoplasmic serpin, serpinB1, targeting NE, CatG, and PR3 has been extensively studied in experimental models with mice completely lacking serpinB1. Local release of serpinB1 from dying neutrophils and intracellular neutralization of NSP activities across leaky granule membranes reduces collateral tissue injury and improves lung defense responses and pathogen clearance by neutrophils (Benarafa et al., 2007) .
In the absence of the NSP inhibitor serpinB1, surfactant protein D was strongly degraded and host defense against Pseudomonas infections of the lungs was impaired, resulting in increased mortality of serpinB1-deficient mice compared with wild-type mice . SerpinB1 has also been detected in the bronchoalveolar lavage fluid of patients with cystic fibrosis and is known to inhibit HNE (Cooley et al., 2011) , CatG, and PR3 (Gong et al., 2011) . Its antiinflammatory effect on the immune response to lung infections is also mediated by reducing the formation of neutrophil extracellular traps .
PR3 can accelerate spontaneous apoptotic cell death of neutrophils by cleaving procaspase-3 (Pederzoli et al., 2005) and may determine the lifespan and survival of neutrophils during inflammation. Although cytoplasmic proteins are not accessible to PR3 located in the lumen of granules, leakiness and permeability of granule membranes increases with the aging of neutrophils. In parallel, the cytosolic content of inhibitors declines and paves the way for elastolytic activities in the cytosol and Groutas et al. (1990) . b Values from Groutas et al. (1989) . c Inactivation was too fast to measure by sampling techniques (Groutas et al., 1989) .
Inhibitors and Antibodies Targeting PR3 nucleus of neutrophils. Concomitant with these agerelated changes, PR3-deficient mice (Loison et al., 2014) display a delay in neutrophil cell death and a stronger accumulation of neutrophils at sites of inflammation.
An altered balance between the cytosolic inhibitor serpinB1 and PR3 may improve the capabilities of neutrophils to combat infections in peripheral tissues but could also augment tissue damage. Likewise, cleavage of annexin 1 by PR3 in the context of neutrophil activation reduces the anti-inflammatory activity of annexin 1 and points to a proinflammatory role of PR3. Transfer of PR3 into the cytosol of endothelial cells during neutrophil-endothelial cell interactions has also been inferred as a trigger of endothelial cell apoptosis, which appears to contribute to small vessel damage at sites of inflammation (Pendergraft et al., 2004; Jerke et al., 2015) .
Although recombinant production of serpinB1 has been achieved at a larger scale (Cooley et al., 1998) , it is still questionable whether externally added serpinB1 is therapeutically effective and significantly outperforms the endogenous anti-inflammatory action of the cytosolic homolog. A serpinB1 mutant that strongly and specifically inhibits PR3 was recently developed (Jégot et al., 2011) . Such a fast-acting inhibitor could serve as a supplemental therapy administered by vascular or Fig. 9 . Mechanism-based and alternate substrate inhibitors of PR3. (A) Chemical structure of mechanism-based inhibitor of PR3 1,2,5-thiadiazolidin-3-one 1, the dioxide derivative (R1 = n-propyl; R2 = methyl; L2 = 2,6-dichlorobenzoate) (left), and its postulated mechanism of action elucidated by the X-ray crystal structure (Huang et al., 2008) 624 aerosol routes, provided that it is resistant enough against inactivation by proteases and oxidation by oxygen radicals of the extracellular environment.
a1PI, a natural plasma inhibitor of HNE and PR3, has been extensively evaluated in various clinical settings. a1PI is the main inhibitor of HNE and PR3 in the lower respiratory tract but it shows a strong preference for HNE over PR3 in case of a simultaneous presence of the two proteases (Korkmaz et al., 2005b) . Although other locally acting elastase inhibitors (e.g., secretory leukocyte SLPI and elafin) provide some protection against NE and PR3 in humans, only decreased levels of plasma a1PI are known to be associated with chronic diseases. Gene mutations in a1PI with reduced inhibitory plasma levels frequently cause emphysema and COPD, more rarely cause liver disease (Duvoix et al., 2014) , and occasionally cause a skin disease presenting as necrotizing panniculitis (Vigl et al., 2015) . a1PI dysfunction has also been associated with an increased risk of ANCA-associated vasculitis (Mahr et al., 2010) .
According to a recent genome-wide association study, most of the reduced a1PI levels in plasma are explained by specific germline mutations leading to the S and Z variants but do not accurately predict the degree of deterioration of long-term lung function (Thun et al. 2013) . Other factors, such as inflammatory mediators and the tissue-specific regulation of a1PI, may play a role in lung disease among individuals with a1PI deficiency. Environmental factors that induce neutrophil recruitment and inflammation in the lungs, particularly smoking but also occupational dust exposure, allergens, and infective agents, are important cofactors that accelerate the development of emphysema in patients with a1PI deficiency (Cavarra et al., 2001; Abusriwil and Stockley, 2006; Gooptu and Lomas, 2009; Brebner and Stockley, 2013) . Under these pathophysiological conditions, levels of functional a1PI decline in tissues as a consequence of local inactivation through proteases, oxidation, or degradation. Specific inactivation of plasma a1PI within the RCL was identified in patients with sepsis (Kiehntopf et al., 2011) . With regard to PR3 inhibition, the association rate constants for the Z and M variants of a1PI are very similar but are 15-fold lower compared with NE. This relative inefficiency of PR3 inhibition by a1PI variants implies that PR3 activity persists for a longer time period than NE activity under conditions of reduced local a1PI tissue availability. Thus, NE is preferentially inhibited by Ma1PI and Z-a1PI, and PR3 escapes inhibition when local tissue concentrations are low. Alternatively, synthetic or antibody-based inhibitors that specifically target the PR3 active site can be developed. Millet et al. (2015) recently demonstrated that proteolytically active PR3 on the membrane of apoptotic cells promotes sustained inflammation, thus providing additional support for the development of novel therapeutic strategies aiming to inhibit PR3 activity at the surface of immune cells. However, PR3 m on the outer surface of activated neutrophils is hardly inhibited by endogenous and small synthetic inhibitors. This is attributable to the resting-state conformation of induced PR3 m that impairs the productive binding of substrates and inhibitors and to the previous observation that constitutive PR3 m is proteolytically inactive (Guarino et al., 2014) . a1PI, however, dissociates induced PR3 m from the surface of activated neutrophils, forming irreversible and proteolytically inactive complexes, but it cannot prevent the binding of C-ANCAs to constitutive PR3 and subsequent activation of neutrophils (Guarino et al., in preparation) . An alternative to prevent neutrophil activation by C-ANCAs would be to use anti-PR3 mAb fragments without the Fc domain that masks the major epitope recognized by C-ANCAs on both constitutive and induced PR3. However, an ideal solution would be to target both the protease active site and a major epitope at the protease surface through allosteric inhibition by exosite-targeting mAbs, as was successfully reported for membrane-bound matriptase-1 (Ganesan et al., 2010) . For this purpose, single domain antibodies from camelids, so-called nanobodies, offer a large advantage over mammalian twochain Fab antibody fragments, including high solubility, high thermal stability, and good tissue penetration. They possess antigen-binding CDR3 loops that can extend into the active site cleft of enzymes and can directly interfere with catalytic functions (Wesolowski et al., 2009) . Such antibodies are promising therapeutic tools to block neutrophil-activating C-ANCA binding and the proinflammatory function of pathogenic PR3 m on apoptotic neutrophils.
VI. Indirect Targeting of Proteinase 3 in Diseases
Instead of directly targeting mature PR3 and other NSPs, novel approaches to decrease the whole-body pool of NSPs have been developed and evaluated in preclinical models (Méthot et al., 2008) . Before active NSPs are stored in cytoplasmic granules of neutrophils, they are biosynthetically processed by CatC (see section II).
CatC is a papain-like cysteine protease that removes dipeptides from the N-terminal end of a variety of proteins . The best characterized substrates of CatC are the proforms of NSPs in promyelocytic precursor cells of the bone marrow (McGuire et al., 1993; Adkison et al., 2002) . CatC itself is synthesized as a proprotein and then processed through proteolytic cleavage to release an N-terminal exclusion domain, an activation peptide (propeptide), a heavy chain, and a light chain ). The protease involved in these physiologic cleavages has not yet been identified (Mallen-St Clair et al., 2006) . Inactivation of CatC as seen in patients with the Papillon-Lefèvre syndrome and in knockout mice dramatically lowers the Inhibitors and Antibodies Targeting PR3 storage pool of active serine proteases in mature neutrophils by an as-yet-unknown mechanism (Adkison et al., 2002; Pham et al., 2004; Sørensen et al., 2014) . Because the clinical consequences of inborn CatC deficiency are mild, it has been assumed that smallmolecule inhibitors of CatC are relatively safe drugs that reduce the neutrophil-associated protease burden in various patients. Small-molecule inhibitors of CatC were indeed shown to reduce serine protease activities of neutrophils (including the autoantigen of patients with GPA, PR3) from circulating neutrophils (Méthot et al., 2007 (Méthot et al., , 2008 . High fractional inhibition of CatC is a prerequisite to reach therapeutically significant effects (Méthot et al., 2007 (Méthot et al., , 2008 . This requires large amounts of inhibitors, a condition that is hardly met with an in vivo use. Controlling the activity of CatC may be achieved by either using small synthetic inhibitors or impairing the maturation of its proform into an active protease. Pro-CatC maturation is mainly controlled by cysteine proteases, with cathepsin S (CatS) being a major actor in human neutrophil precursors cells (Hamon et al., 2016) . Several CatS inhibitors were recently developed and are currently in clinical trials (Wilkinson et al., 2015) . The combination of CatS and CatC inhibitors should not only reduce the NSP burden within neutrophils, but it should also impair cell recruitment at inflammatory sites. Hence, we anticipate that inhibition of CatC in the precursor cells of the bone marrow represents an attractive therapeutic strategy resulting in better protection against neutrophilmediated tissue damage than local administration of combinations of selective small-molecule inhibitors against each NSP, especially in individuals with a1PI deficiency and in patients with GPA (Guay et al., 2010; Korkmaz et al., 2013b) .
VII. Conclusions and Future Directions
Because of its close structural and functional resemblance with HNE, PR3 has long been considered as a redundant protease of minor interest. The discovery that the autoimmune response exclusively to PR3, and not to HNE, is a central pathogenic feature of GPA has been the first evidence for its distinct pathophysiological properties. Since then, a variety of specific biochemical functions have been reported. Most of these functions are related to PR3's unique spatiotemporal pattern of expression that differs from the other NSPs, especially from HNE. Although PR3 is initially stored only in the same granular fraction (like HNE), its constitutive and inducible expression on the surface of circulating neutrophils makes it the prime target of autoantibodies in a clearly distinct autoimmune syndrome. PR3 m is hardly inhibited by chemical and endogenous inhibitors at the cell surface of neutrophils, as opposed to other NSPs. The demonstration of PR3 recapture and internalization by endothelial cells has increased its panel of functions by providing evidence for a role in triggering cellular responses during vascular inflammation.
The in-depth investigation of PR3's substrate specificity also provided evidence for its role as a specific protein-degrading enzyme. Interestingly, there is currently no endogenous protease inhibitor that preferentially targets PR3 so it may remain quantitatively the principal active NSP in a biologic environment initially overwhelmed by HNE and other NSPs. Controlling PR3 activity efficiently is a timely and important issue, the effects of which have only been partially addressed up to now. Indeed, different approaches must be explored to suppress the activity of intracellular PR3, PR3 m , or secreted PR3 either as a free protease or trapped within the extracellular matrix of various organs.
The large repertoire of tools that are currently in development should allow efficient targeting of PR3 no matter the pathophysiological context. An upstream control may be achieved by targeting the maturation of proteases that activate its proform, whereas a downstream control may result from the use of competing antibodies that impair the access of substrates to the active site or by cell-permeable synthetic inhibitors and recombinant proteins that completely occlude the active site region of PR3.
